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brospinal fluid (CSF). The fluid is fo rmed by an active secretory process at a rate that varies consid erably from species to species but which is rather constant when expressed as a fraction of total CSF volume or on the basis of plexus weight.
The choroid epithelium is sealed by continuous apical bands of tight junctions, and the capillaries are unusually wide, thin-walled, and fe nestrated. The structure of the secretory cells re sembles that fo und in other well-known fluid-transporting epithelia, i. e. , they are supplied with various mem brane elaborations such as apical microvilli, basal and basolateral infoldings, and interdigitating pro cesses, as well as an abundance of mitochondria.
The production of CSF is an energy-requiring process involving important fu nctions of carbonic anhydrase and a ouabain-sensitive sodium-potas sium-activated ATPase. Approximately 0.5% of total CSF volume is replaced by newly fo rmed fluid every minute. Although the cellular mechanisms underlying the formation of CSF are now fairly well understood, our knowledge of the various control fu nctions regulating the CSF circulation is surpris ingly poor (Davson, 1967; Cserr, 1971; Cserr, 1975; Pollay , 1975) , particularly in view of the serious clinical conditions that may re sult fr om an impaired circulation of CSF. A large number of drugs and ex perimental conditions have been shown to influence the normal rate of formation , mostly in the direction of a decreased production (Pollay , 1975) . Neverthe less, pharmacological treatment of hydrocephalus has , in comparison with surgical drainage of CSF , been of little success, and it has usually involved crude approaches such as administration of aceta zolamide (see Plum and Siesjo, 1975) . It has been sug gested that blood flow influences the secretory rate by imposing an upper limit, and it is possible that at least some of the fac tors which affect the CSF se cretion do so by altering the plexus blood flow (Cserr, 197 1) .
Investigations on the possible involvement of local neurogenic mechanisms in the control of CSF fo rmation from the choroid plexus have to a large extent been hampered by the widely held opinion that the choroid plexus is a noninnervated struc ture. This is primarily because the early morpho logical investigations were often difficult to inter pret, since the histological staining methods used (mostly silver impregnation) do not visualize nerve fibers with a sufficiently high degree of selectivity.
It was not until the introduction of modern neuro histochemical techniques that it became possible to prove that the choroid plexus is supplied with nerves and to define their identity , origin, and dis tribution in detail. A rational basis now exists for applying biochemical , pharmacological , and physi ological approaches in attempts to elucidate the role of neural mechanisms in the regulation of CSF for mation. Results from such studies obtained during the last fe w years have provided strong evidence that the autonomic nervous system exerts an im-J Cereb Blood Flow Metabol, Vol. I, No. 3. 1981 portant influence on CSF fo rmation and that the effect is mediated through an action both on the secretory epithelium itself and on the plexus vas cular bed.
INNERVATION OF THE CHOROID PLEXUS
The fi rst report about nerves in the choroid plexus was published over a century ago (Benedikt, 1874) . Later morphological studies utilizing clas sical histological staining confirmed these obser vations , though publications on the plexus inner vation are , on the whole , rather few. It was fo und that the choroid plexus contains a considerable number of nervelike structures, which were partly related to plexus blood vessels and partly ran in close association with the epithelial cells. Part of the fibers could be traced back to some of the cranial nerves, whereas others belonged to the internal carotid and vertebral plexuses (Findlay , 1899; Hworostuchin, 191 1; Stohr, 1922; Junet, 1926; Clark , 1928; Shapiro , 193 1; Clark , 1934) . The ques tion about a possible role of neurogenic mechanisms in choroid plexus fu nction did not, however, re ceive any systematic attention until it could be shown beyond doubt, with the use of more specific and sensitive histochemical methods, that the mammalian choroid plexus receives a well-devel oped supply of both adrenergic and cholinergic nerves.
Adrenergic Nerves
The Falck-Hillarp histofluore scence technique has been applied to the study of plexus nerve supply in a number of animal species (Edvinsson et aI. , 1974 ; Lindvall , 1979) . There are clear differences both with respect to the nerve supply of the plexus in the individual ventricles and to the total plexus innervation in different species. The general pattern of distribution of the adrenergic fibers is, however, very similar in all species: the nerve terminals fo rm networks around small vessels and in the plexus tufts, with isolated fibers and nerve terminals run ning in close relation to the epithelium. The plexuses of pig ( Fig. la) and cat (Fig. Ib) are best supplied with adrenergic nerves; rabbit (Fig. 2) , monkey ( Fig. 3a) , guinea pig, rat (Fig. 3b) , and hamster show an intermediary density; while cow ( Fig. 3c) Lindvall, 1979.) with bioenzymatic measurements of the noradrena line content in the plexus tissue (Lindvall, 1979 (Lindvall and Owman, 1978) , the plexus of the third ventricle contains 1.46 ng/mg protein; that of the lateral ventricles, 0.27 ng/mg ; and the plexus of the fourth ventricle, 0. 15 ng/mg. The values are in good agreement with the fluorescence histochemical findings, showing the innervation density to be in the order third ventricle plexus> lateral plexuses> fo urth ventricle plexus (Fig. 4) .
It has been known for quite some time from de nervation studies that part of the nerve supply to the choroid plexus degenerates after removal of the su perior cervical sympathetic ganglion (Tsuker, 1947) .
Fluorescence photom i crograph of a whole-mount of the choroid plexus from the third ventricle of a rabbit, formaldehyde reaction. Numerous delicate adrenergic axon terminals form a network in the parenchyma among the epithelial cells. Auto fluorescent cells and granules are also seen, x70. (Reproduced with perm ission from Edvinsson et aI., 1974.) In histofluorescence studies it has been established that bilateral excision of this ganglion abolishes the adrenergic nerves in all plexuses of the cat and rat (Edvinsson et aI ., 1974) . The origin of the plexus nerves probably varies somewhat in different animal species: in the rabbit, for example , a small portion of the fibers supplying the fo urth ventricle plexus re mains after superior cervical ganglionec tomy (Edvinsson et aI., 1975; Lindvall et aI ., 1978c) .
In agreement with the histochemical observations, there is a rapid fall of plexus noradrenaline to non significant levels shortly after bilateral removal of the superior cervical ganglion (Edvinsson et aI ., 1972) . Unilateral sympathectomy produces a com plete disappearance of adrenergic nerves in the homolateral choroid plexus and a marked reduction in the number of fluorescent fibers in the midline plexuses (Tsuker, 1947 ; Lindvall, 1979) .
The ontogeny of adrenergic nerves has been fo l lowed in the rabbit choroid plexus (Lindvall and Owman, 1978) , both by fluorescence histochemically (Bjorklund et aI ., 1972; Lindvall and Bjorklund , 1974) and by biochemical quantification of nor adrenaline (Coyle and Henry , 1973 ; Cuello et aI ., 1973 studies on neurogenic control of CSF fo rmation during development. The choroid plexus of the rab bit has certain similarities to that of man in its his tiogenetic development (Tennyson and Pappas , 1968) , but the period of structural maturation dif fers: in man the choroid plexus starts to mature al ready after the 29th week of gestation (Shuangshoti and Netsky, 1966) , whereas adult characteristics in the rabbit are not seen until the early postnatal period (Tennyson and Pappas , 1964 , 1968) .
No adrenergic nerves can be demonstrated pre natally. The first histochemical signs of adrenergic nerves are fo und in the plexus of the third ventricle around birth. Somewhat later, around the 5th post natal day , nerve fibers appear also in the plexuses of the lateral ventricles, whereas the plexus of the fo urth ventricle does not receive any histochemi cally visible nerves until around two weeks post partum. The entire choroid plexus system shows fu ll adrenergic nerve development at 3 weeks post partum, with a distribution of nerve terminals re sembling that seen in adult animals. Sub sequent changes essentially involve only a fu rther increase in the density of the nerve network. The histochem ical findings are in good agreement with the results from the biochemical measurements (Table I) . Tennyson (1975) has suggested that the morpho logical appearance of the telencephalic choroidal Lindvall, 1979.) epithelial cells during different stages of develop ment reflects changes in fu nction. On morphologi cal basis, Kiszely (1951) proposed a resorptive fu nction of the choroid plexus during most of the embryonic life , while Flexner (1938) believed the CSF to change fr om an ultrafiltrate to secretion during development. The plexus epithelium of rab bit reaches mature characteristics after two weeks post partum (Tennyson and Pappas , 1968) . Struc tural possibilities for a sympathetic neurogenic in fluence on CSF production thus exist already a short time after birth . This agrees with the onset and 
Cholinergic Nerves
The specificity of the commonly used histo chemical method for studying cholinergic nerves is limited because it is an indirect method. The technique is based on the assumption that the en zyme, acetylcholinesterase, is a marker of choliner gic nerves, provided pseudocholinesterase is irre versibly inhibited by specific antagonists and the incubation time with acetylthiocholine is main tained short enough to avoid reaction between any residual pseudocholinesterase and the substrate (Holmstedt, 1957; Koelle, 1963) .
Cholinergic nerves have been demonstrated in choroid plexuses from pig, cat , baboon, cow, rab bit, guinea pig , rat , dog, and mouse, and such nerves thus appear to be a common fe ature in mammal s (Lindvall et aI. , 1977 (Fig. 4) . Usually , the plexus fr om the third ventricle has the richest nerve supply, fol lowed by the lateral ventricles, and as described for the adrenergic nerves, the most sparse innervation is fo und in the plexus of the fo urth ventricle (Fig. 4) .
Sympathectomy, which abolishes all adrenergic nerves, at least from the plexuses of the lateral and third ventricles, does not affe ct the specific acetyl cholinesterase activity (Lindvall et aI. , 1977) . The origin of the cholinergic innervation to the choroid plexus is still not established. On the basis of obser vations reported in the older literature (Benedikt, 1874; Stohr, 1922) , it is possible that the nerves are related to the nuclei of the glossopharyngeal and vagal nerves.
Serotoninergic Nerves
The choroid plexus contains measurable amounts of 5-hydroxytryptamine, whose concentration is halved fo llowing electrolytic lesion of the raphe nu clei in the brainstem (Moskowitz et aI. , 1979) . This has led to the assumption that the plexus also re ceives a serotoninergic innervation. Direct evidence for the existence of serotonin-storing nerves in the tissue is, however, still lacking. Autoradiographic labeling of nerves fo llowing administration of low molarity , high-specific -activity tritiated 5-hydroxy tryptamine has not been demonstrated in the choroid plexus (Chan-Palay , 1976 ).
Peptidergic Nerves
Vasoactive intestinal polypeptide (VIP) is one of a number of recently recognized neuropeptides which exists in many places in the body. They are present in the brain as well as in nerves of peripheral FIG. 7 . Pig choroid plexus. a: Plexus artery surrounded by VIP-immunoreactive nerves form ing dense plexuses at the adventitia-media border (x250). b: VIP nerve term i nals form ing a network beneath plexus epithelium (x300). (Reproduced with perm ission from Lindvall et aI., 1978a.) organs . In the periphery the peptide-containing nerves probably belong to the autonomic nervous system, although they seem to be distinct from ad renergic and cholinergic nerves. From the fact that the recognized neuropeptides have a number of biological actions , it is tempting to assume that they fu nction as transmitters , though the evidence for this is still incomplete .
VIP nerve fibers have been demonstrate d im munohistochemically in relation to blood vessels of choroid plexuses fr om several animal species (Lindvall et aI ., 1978a) . The perivascular innerva tion is particularly well developed in the pig ( have a vasodilatory role in the plexus (Lindvall et aI ., 1978) .
In immunohistochemical tracing of neurophysin pathways in the rat brain, it has frequently been fo und that neurophysin neurons and processes are closely associated with blood vessels fr om the basal hypothalamus to the choroid fissures. However, no information is available about the possible distribu tion of this type of nerve within the plexus tissue itself (Brownfield and Kozlowski, 1977) .
Ultrastructure of the Innervation
Adrenergic nerve terminals are characterized by the presence of densely cored synaptic vesicles, but it is not always possible to distinguish them from nonadrenergic terminals on this basis by fixation with glutaraldehyde-osmium tetroxide (Hokfelt, 1968) . In an electron-microscopic study of the lat eral plexuses fr om cat and rabbit (Edvinsson et aI ., 1975) , the adrenergic nature of the nerve terminals was confirmed by the appearance of electron-dense synaptic vesicles after injection of the "fal se ad renergic transmitter" 5-hydroxydopamine , which is selectively taken up and accumulated in the synap tic vesicles of adrenergic nerves (Tranzer and Thoenen, 1967) . 30-60 nm in diameter (Edvinsson et aI ., 1975) . The absence of 5-hydroxydopamine accumulation in the latter type of terminals indicates that they are nonadrenergic, and against the background of the re sults at the light-microscopic level with the cholinesterase technique (Lindvall et aI ., 1977) , it can be assumed that they are cholinergic (Ed vinsson et aI ., 1975) .
Both types of nerves come as close as 20 nm to the membrane of the epithelial cells (Fig. 9 ) , where they adjoin the base of the cell or cellular processes, being located between adjacent cells or present within a cellular invagination (Edvinsson et aI ., 1975) . Similar close relationships have been de- , 1975.) scribed in other secretory tissues (Yamauchi and Burnstock, 1957; Scott and Pease , 1959) . The dis tance between the nerve endings and the smooth muscle cells of the arterioles in the plexus tissue is less than 100 nm (Fig. 9) , which is the distance found in other vascular beds known to receive a fu nctioning autonomic innervation (Burnstock, 1970) . Mem brane specializations are absent both at the axonal and muscular side of the adjacent membranes. The
neurovascular relationship resembles that described for the pial vascular beds (Hagen and Wittkowski, 1969; Cervos-Navarro and Matakas , 1974) . The ex istence of nerve endings in association with small arterioles has been confirmed in the rat's choroid plexus by Nakamura and Milhorat (1978) , who fa iled, however, to demonstrate the close relation ship of nerve terminals to plexus epithelial cells we had previously demonstrated in the rabbit and cat (Edvinsson et aI ., 1975) . There is evidence that ad renergic nerve endings are al so located in close ap position to the endothelium of capillaries in the choroid plexus of rat (Odake et aI ., 1979) , i.e. , an in nervation resembling that previously observed for capillaries both in the heart (Forbes et aI ., 1977) and in the brain parenchyma (Rennels and Nelson, 1975; Swanson et aI ., 1977) . Thus , the adrenergic and cholinergic axons pres ent in the choroid plexus come close enough to the smooth muscle cells of small arterioles as well as the secretory epithelium to suggest that both com ponents in the plexus receive a true, fu nctioning innervation by autonomic nerve terminals.
Usually, peptide-storing nerves are easily distin guished at the ultrastructural level through the presence of numerous large synaptic vesicles, about 100 nm in diameter and containing an electron dense material in their axon varicosities. This type of axon terminal has not yet been identified in the choroid plexus, perhaps because they are compara tively sparse in the animal species investigated.
SYMPATHETIC INFLUENCE ON CHOROID PLEXUS FUNCTION
Judging fr om the distribution of the autonomic nerve terminal s in the choroid plexuses, it can be assumed that neurogenic influences on choroid plexus fu nction are mediated by effects both on the vascular bed and directly on the secretory epithe lium. Studies have so far concentrated primarily on the importance of the sympathetic division of the autonomic nervous system. Sympathomimetic in fluences on the plexus vessels have been investi gated both under in vitro and in vivo conditions . In studies fo cusing on plexus epithelial fu nctions , the activities of adenylate cyclase and carbonic anhydrase have been measured under various con ditions , and certain types of transport phenomena have also been used as models to elucidate neurogenic influences directly on the secretory ep ithelium. Knowledge obtained from such ap proaches has helped to evaluate the nerve-mediated effects on more composite fu nctional processes, such as the bulk CSF production fr om the choroid plexus.
Influences on the Vascular Bed
It has been suggested by Pappenheimer (as cited by Ames et aI ., 1965 ) that blood flow through the choroid plexus might influence the secretory rate fro m this structure by imposing an upper limit, and that it would be possible for at least some of the factors affecting the secretory rate to do so by al tering blood flow (Cserr, 1975) . Choroidal blood flow has in several studies been reported as com paratively high, with values ranging between 200
and 300 mIJ 100 g/ min (Welch, 1963; Pollay et aI ., 1972; AIm and Bill, 1973; Haywood and Vogh , 1979) . These figures are about six times those given for whole brain (Aim and Bill, 1973; Haywood and Vogh , 1979) .
In spite of great interest in various mechanisms influencing and controlling CSF fo rmation, little re search has been concerned with basic properties of the vascular smooth muscle with regard to the pos sible involvement of the local blood circulation in the regulation of CSF fo rmation. Various vasoac tive agents have been tested and the types of re ceptors involved defined in an in vitro study of the anterior choroidal artery fr om cow (Edvinsson and Lindvall, 1978) .
A weak contractile effect is obtained with adren aline , noradrenaline , phenylephrine , and isoprena line, with the mentioned order of potency. The contractile effe ct of noradrenaline is inhibited in a competitive way by phentolamine , indicating that the vasoconstriction involves a-adrenergic recep tors of a type similar to that fo und in the peripheral circulation (Furchgott, 1972) but slightly different fr om corresponding receptors in fe line and human pial arteries Ed vinsson et aI ., 1976) . A noradrenaline-induced vaso constriction has also been demonstrated in iso lated perfused choroid plexuses fr om various animals, along with a reduction in flow rate of the perfusate (Macri et aI ., 1966; Politoff and Macri, 1966) . The potency rank for the sympathomimetic vasodilatation is in the order isoprenaline > nor adrenaline > adrenaline > terbutaline, and the dose-response curve for isoprenaline is shifted in a parallel manner towards higher concentrations in the presence of the competitive .8-receptor antagonist propranolol. Thus , the relaxation is mediated by .8-adrenergic receptors. The potency relationship between noradrenaline and adrenaline was fo und to be 5: 1, and isoprenaline was about 100 times more potent than the .82-receptor agonist ter butaline . It should be recalled that the dilation of conventional pial vessels has been classified as due to .8ctype receptors Sercombe et aI ., 1977) .
In agreement with the weak vasoconstrictor ef fe ct produced by the sympathetic neurotransmitter on isolated choroidal arteries (Edvinsson and Lindvall, 1978) , Aim and Bill (1973) found no statis tically significant reduction in choroid plexus blood flow of the cat when the cervical sympathetic chain was stimulated electrically and only a weak effect of such stimulation in rabbits (A. Bill, personal communic ation) . In fact, there appears to be no clear correlation between changes in plexus he modynamics and rate of CSF production. For ex ample , studies with the ventriculocisternal perfu sion technique on cat, dog, and rabbit have failed to associate hypercapnia, of sufficiently high degree to alter cerebral blood flow, with a significant change in CSF production (Oppelt et aI ., 1963; Davson and Segal, 1970; Hochwald et aI ., 1973) . Martins et al . (1976) measured cerebral blood flow during ven triculocisternal perfusion of monkeys and fo und that variations of P aC02 within wide physiological limits has little effect on CSF fo rmation. In a study on the effe ct of systemic hypotension on the rate of CSF fo rmation in dogs (Carey and Vela, 1974) , the amount of reduction in CSF fo rmation could not be correlated with either the fall in mean arterial blood pressure or the reduction in blood volume . Since the CSF fo rmation was lowered only at a very marked degree of hemorrhagic hypotension, it was suggested that the CSF fo rmation rate diminished when the blood flow to the choroid plexus or other secretory sites became sufficiently impaired (Carey and Vela, 1974) . This agrees with the observations by Weiss and Wertmann (1978) , who fo und that the CSF production during intracranial hypertension or systemic hypotension was not reduced until the ce rebral perfusion pressure fell below 55 mm Hg , which would mean that an adequate flow is main tained also in the choroid plexus by means of the autoregulatory mechanism controlling the cerebral blood flow as a whole .
Influences on the Secretory Epithelium

Carbonic Anhydrase Activity
Carbonic anhydrase is present in the choroid plexus epithelium (Giacobini, 1962; Lonnerholm, 1975) . The enzyme is considered essential for the production of CSF, and its inhibition with acetazol amide (Diamox®) markedly decreases the produc tion of CSF (for reviews, see Cserr, 1975, and Pol lay, 1975 Quantitative determinations of carbonic an hydrase activity can be carried out on homoge nates of saline-perfu sed, blood-free choroid plexuses by measuring the formation of 14C02 fr om NAH14C03 in a plexus homogenate (Edvinsson et aI ., 1975) . The carbonic anhydrase activity (ex pressed as nmol CO2/mg/min) is in normal rabbits twice as high in the plexus of the fo urth ventricle compared to that of the lateral ventricles. Treat ment with acetazolamide causes a pronounced re duction in the enzyme activity of both plexus re gions, whereas intraperitoneal injection of reser pine, which depletes the adrenergic nerves of their noradrenaline , increases the carbonic anhydrase activity (Fig.' 10) . Also, cervical sympathectomy enhances the enzyme activity, by 150% at 6 days after the operation (Edvinsson et aI ., 1975) .
The results show that the sympathetic innerva tion has an inhibitory action on carbonic anhydrase activity in the plexus epithelium and thus , probably, also on the CSF production.
Active Transport Mechanisms in vitro
In addition to the production of CSF, the choroid plexuses have a major fu nction in actively trans porting ions and polar compounds between blood and CSF. In order to fu rther analyze the fu nctional role of the sympathetic innervation of the plexus epithelium, the effect of sympathetic denervation on various aspects of active transport has been studied in isolated choroid plexuses (Lindvall et aI ., 
1a,b).
The uptake of choline, an organic base, and the organic acid p-aminohippuric acid into plexuses of the lateral ventricle of rabbits and rats has been studied radiometrically at various intervals fo llow ing unilateral superior cervical sympathectomy.
The tissues fr om the nonoperated side of unilater ally denervated animals served as controls (Lind vall et aI ., 198 1a).
A significant increase in the tissue accumulation of choline is seen in denervated rabbit plexuses 1 week fo llowing sympathectomy (Fig . 11, left) . The accumulation of p-aminohippuric acid is not af fe cted. The uptake of both test substances becomes significantly reduced after sympathetic de nervation of the rat choroid plexus. The site in the isolated choroid plexus into which organic acids or bases are transported has not been established. It is possible 
Sympathetic Influence on CSF Production
It is evident fr om the previous discussion that prerequisites exist for a sympathetic nervous influ ence both on the secretory epithelium and on the blood flow through the plexus tissue, with a con sequent net effect on the rate of CSF fo rmation. In order to obtain a direct measure of the sympathet ically mediated effe ct on this rate , the ven triculocisternal perfusion technique of Pap penheimer et ai . (1962) has been applied primarily to rabbits , largely according to the modifications of Aquilonius and Winbladh (1972) , utilizing 14C_ labeled inulin (Heisey et aI ., 1962) . Dilution of the 14C-inulin concentration at steady state within the perfused ventricular system has been used to cal culate the rate at which nascent (inulin-free) CSF is added to the ventricles (Heisey et aI ., 1962) . For the CSF production measurements to be valid, the dif fu sional or molecular loss of the marker material from the perfusion fluid has to be negligible. It has been shown (Rail et aI ., 1962) that there is an entry of inulin through the ventricular system to the brain 
Nerve-Mediated Effects
The CSF production rate has been determined during electrical stimulation of the sympathetic trunks in the neck (Lindvall et aI ., 197&) . Stimula tion during 1-2 h reduces the rate of CSF fo rmation by a mean of 32% compared to the control situation before stimulation (Fig . 12) . After cessation of stimulation, the production rate returns approxi mately halfway towards normal during a I-h obser vation period. Bilateral excision of the superior cer vical ganglia (Lindvall et aI ., 197&) , which pro duces extensive sympathetic denervation of the choroid plexuses, results a week later in 33% in crease in bulk CSF production as compared to an unoperated control group (Fig. 12) . The results are in agreement with the finding of enhanced carbonic anhydrase activity of the plexus fo llowing sym pathectomy (Edvinsson et aI ., 1975) .
In view of our observation that the sympathetic nerve terminals in the choroid plexus have a close relation both to the secretory epithelium and to the smooth muscle cells of the arterioles, indicating a true innervation of both components (Edvinsson et aI ., 1975) , the effects of sympathetic nerve stimula tion or denervation could have resulted fr om a di rect action on the secretory cells, changes in plexus blood flow through a vascular re sponse, or a com bination of both, Against the background of the re sults and considerations presented above , there is reason to believe that the sympathetic action on the rate of CSF production is a combined secretory and vascular effect in the choroid plexus, the fo rmer predominating .
Characterization of Adrenoceptors Involved in Nerve-Induced Responses
By analyzing the quantitative changes in the CSF production rate in the presence of various doses of sympathomimetic agonists, with or without specific antagonists, attempts have been made to define the type of adrenergic receptors mediating the sympa thetic neural effects on CSF formation. The drugs have either been administered in the ventriculocis ternal perfusion system or intravenously, with the intention to sort out systemic side effects and to One week following sympathetic denervation (SyX) of the rabbit choroid plexus there is a marked reduction in the noradrenaline concentration, concomitant with a highly significant increase in the rate of CSF production compared with unoperated controls (C). Differences between mean values (±SEM) according to Student's t-test: p < 0.001 in both groups. b: CSF production rate before (C) and during bilateral electrical stimulation of the superior cervical ganglia (Stim), which markedly reduces the rate of production (the difference, based on paired observations, is of highest significance: p < 0.001). After stimulation (Stim Off), there is a tendency to normalization of the production rate (Stim vs Stim Off: p = 0.01). (Reproduced with permission from Lindvall et aI., 1978c.) interpret results with regard to the involvement of epithelial or vascular receptors in the plexus tissue (Lindvall et aI. , 1979) .
From the discussion above on the plexus circula tion , it appears questionable whether changes in the blood flow to any major extent will influence the rate of CSF fo rmation. High intravenous doses of noradrenaline have therefore been used to elucidate the role of vasomotor adrenoceptors in the produc tion of CSF (Lindvall et aI. , 1979) . Intravenous in fu sion of 5.5 -55 JLglkglmin of noradrenaline results in a dose-dependent reduction in the rate of CSF fo rmation. The effe ct is counteracted by the a antagonist , phentolamine , and potentiated by the ,8-receptor-blocking agent propranolol (Fig. 13 ).
This would indicate that circulating noradrenaline modifies the CSF fo rmation primarily through an action on the blood perfusion in the plexus, mediated by vasoconstrictor a-and vasodilator ,8-receptors (Edvinsson and Lindvall, 1978) . How ever, when propranolol was given intraventricu larly, in an attempt to expose the plexus epithelium more efficiently to the antagonist , a counteraction of the noradrenaline-induced fall in CSF fo rmation was seen (Fig. 13) . This suggests that syste mically administered noradrenaline to some extent al so reaches ,8-receptors on the epithelial cells, mediat ing inhibition of the secretion and thereby to some extent assisting in the reduction of the CSF formation, which, under these particular e xperimental conditions, is mainly associated with a reduced plexus blood flow.
In order to analyze in some more detail the rela tive importance of the secretory and vascular com ponents in the sympathomimetic effects on CSF fo rmation and the adrenoceptor mechanisms in volved, noradrenaline has been added to the mock CSF in the ventriculocisternal perfusions (Lindvall et aI. , 1979) . The log dose-response curve com prises two phases, with a transition around 10-7 M (Fig. 14) . A maximal inhibition is obtained at a con centration of 10-3 M noradrenaline. The noradrena line-induced reduction in CSF fo rmation rate is counteracted by the a-receptor antagonist phentol amine , as well as by the ,8-inhibitor propranolol; in the presence of the latter antagonist , the production is even increased (Fig. 15) (Lindvall et aI. , 1979) .
The initial fall in the CSF production seen at low noradrenaline concentrations (Fig. 13) has been in terpreted as mainly a ,8-receptor-mediated direct in hibition of the secretory epithelium, which repre sents the primary site of exposure for noradrenaline when present in the perfu sate. The second phase in the dose-response curve , corresponding to the higher noradrenaline concentrations (Fig. 14) , 10 10 10-8 10-6 10 4 10-2
FIG. 14. Changes in the rate of CSF production during intraventricular perfusion of noradrenaline at various concentrations in the mock CSF infusate. The values are related to the control value of CSF production obtained in each animal prior to amine administration (without compensating for any methodological errors, amounting to a mean of 8%, related to, for example, change of syringe and/or the long infusion period). Values are mean percentages ± SEM; number of animals indicated in parentheses. Significant differences from the control value were determined according to the paired t-test (based on the absolute values for the CSF formation): **0.001 < P < 0.01 . (Reproduced with permission from Lindvall et aI., 1979.) cross the epithelial barrier reaches a sufficiently high perivascular concentration to produce vaso constriction (Edvinsson and Lindvall , 1978) . The fi ndings are supported by the presence of an amine-sensitive cyclic AMp-generating system of {Hype in the plexus epithelium (Rudman et ai. 1977; Cramer et aI. , 1978; Nathanson, 1979 Nathanson, , 1980 . There is evidence for species differences in the subtype of f3-receptor present, and even that both subtypes may be pres ent simultaneously (Nathanson, 1980) .
Importance of Monoamine Oxidase in the Choroid Plexus
During the ventriculocisternal perfusions of sym pathomimetic agonists, it was fo und that compared to controls, the effe ct of noradrenaline on the CSF formation was enhanced fo llowing local inhibition of monoamine oxidase (MAO) by administration of nialamide via the perfu sate. Thus, the enzyme might play a role in the sympathomimetic influence on choroid plexus fu nction. Considerable MAO activity is fo und histochemi cally in the choroid plexuses fr om all four ventricles of rabbit and mouse , particularly in the cytoplasm of the epithelial cells Lindvall et aI. , 1980) . This agrees with the MAO activity shown in rabbit, rat , and mouse choroid plexuses by biochemical radioenzymatic assay Lindvall et aI. , 1980) . Lindvall et al.. 1978b .) vailing steady-state conditions. Some of the MAO activity in the choroid plexus may also be involved in the breakdown of intraventricular noradrenaline (Ziegler et aI ., 1976) , which is actively taken up by the plexuses, probably into its epithelium (Tochino and Schanker, 1965a) . However, noradrenaline is not a preferred substrate for MAO type B (Neff and Yang , 1974) . Besides any nonspecific inhibition of the secretion by the drug itself, the effe ct of nialamide that was found in the sympathectomized animals may also be the result of an impaired breakdown by MAO (or some other nialamide sensitive degrading enzyme) of other compounds.
These could be locally fo rmed in the plexus epithe- 
CHOLINERGIC INFLUENCE ON CSF FORMATION
Using the histochemical cholinesterase technique it has been demonstrated that the choroid plexus is supplied with cholinergic nerves (Lindvall et aI ., 1977) . Electron microscopy has shown close con tacts of nonadrenergic nerve terminals-probably identical with the histochemically visualized cholinergic fibers-both with the secretory epithe lium and with the smooth musculature of small ar terioles in the plexus, indicating a true innervation by not only adrenergic but also cholinergic nerves (Edvinsson et aI ., 1975) .
Intraventricular administration of the parasym pathomimetic agonist carbamylcholine results in a dose-related reduction in the CSF formation, which at a dose of 10-3 M becomes as low as 45% of normal (Lindvall et aI ., 1978b) . At a low concentration there is even a tendency to slightly enhanced pro duction (Fig. 18) . Infusion of acetylcholine in the presence of the cholinesterase inhibitor neostigmine reduces the fo rmation rate of CSF by about the same amount as an equimolar dose of carbamyl choline (Fig. 19) . The cholinergic receptors mediating the response are of the muscarinic type , as evidenced by the finding (Fig . 19) that the effect of carbamylcholine is completely blocked by at ropine , while hexamethonium is without effect on the response of this agonist (Lindvall et aI ., 1978b) .
The various cholinergic drugs studied have been administered via the ventricular perfusion system in order to obtain, as far as possible , a local action without affecting the systemic blood circulation in a way that might influence the CSF production (Carey and Vela, 1974; Weiss and Wertman, 1978) .
It has recently been claimed by Haywood and Vogh (1979) that intravenous administration of carbachol increases the rate of CSF fo rmation in cats. In an attempt to confirm this observation, we have in fu sed carbamylcholine intravenously into 5 rabbits at rates of 0.025 -2.5 ILg/kg/min during the entire period of ventriculocisternal perfusion with 14 C_ inulin-containing artificial CSF (Lindvall et aI ., 1978b) . Besides a tendency to a short-lasting in crease, carbachol consistently reduced the CSF production rate by 25 -30%, in full agreement with the experiments on intraventricular administration.
The relevance of this transient initial increment is doubtful since it does not represent a steady-state condition and will therefore not significantly influ ence the calculated production rate . It is thus possi-ble that the effects reported by Haywood and Vogh (1979) , obtained by a single injection and recorded only during the ensuing 3-min period, corresponds to this short-lasting increase rather than the pro tracted, and probably more representative , reduc tion in the fo rmation we have shown during steady state conditions.
The site of action of the parasympathomimetic agents is still not known. It is possible that the ef fe cts mainly involve the secretory epithelium of the choroid plexus rather than its vascular system: car bamylcholine , in contrast to noradrenaline , has lit tle or no effect on the choroidal vascular bed (Ed vinsson and Lindvall, 1978; Haywood and Vogh, 1979) , and if anything, it should be expected that the cholinergic agents would increase plexus blood flow and thus not result in lowered CSF fo rmation .
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